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EXECUTIVE SUMMARY
INTRODUCTION

Leeway is the motion of an object on the surface relative to the local background surface
currents. Having an understanding of the leeway of survivors and survivor craft is necessary for
prediction of the total drift of those survivors during search and rescue (SAR) cases. In addition
to traditional civilian SAR, leeway is critical in combat SAR cases and for the prediction of
surface drift objects in Law Enforcement (LE) and Marine Environmental Protection (MEP)
missions.

Leeway has been studied since World War II; however, recent studies conducted by the R&D
Center and others have provided a number of new and improved leeway data sets and drift
models for a variety of SAR craft. Numerous questions regarding this diverse body of leeway
data and drift models have been asked within the search planning community. Most of these
questions focused on the desire to extract maximum information from available data while
providing a cohesive means of presenting the data and modeling leeway drift. This report
addresses nine leeway-related questions that: 1.) Organize the existing body of leeway
knowledge. 2.) Present a cohesive set of leeway models that make maximum use of available
data. 3.) Quantify the impact of leeway model accuracy on the overall SAR mission planning
process, particularly with respect to search area size.

QUESTIONS and FINDINGS

1) Which leeway targets have been studied? (For what targets do we have data?)

During 25 field studies 95 leeway target types, including 38 life rafts, 14 small craft (mostly
outboards), and 10 fishing vessels, were studied. Other leeway target types studied included
surtboards, sailboats, life capsule, Cuban refugee raft, fishing vessel boating debris, and Persons-in-
the-Water (PIWs). There have been two significant changes regarding leeway targets since World
War II when leeway studies began. First, target descriptions have greatly improved from merely
providing the model type of the target to providing line drawings with dimensions. Hopefully, this
trend will continue to improve until full 3-D digital images of the targets are available. The second
is that SAR targets have themselves been evolving over the years. For example, life rafts have been
improved by the addition of full canopies and extensive ballast systems so that they are quite
different from the old World War II rubber raft.

2) What methods were used in each leeway field study? (How good is that data?)

Two basic methods of measuring leeway have been used: indirect and direct. The indirect method
was used by seventeen studies to generate most of the original guidance for search planning. This
method consists of setting out leeway targets near a surface current drifter and measuring the on-
scene winds. Then the drift of the surface current drifter is subtracted from the total displacement of
the leeway target to estimate the leeway portion of the motion. The accuracy and precision of this
method is dependent on the quality of the surface current drifters and the navigation used to
position the surface current drifters and leeway targets. The indirect method requires constant
maintenance of the leeway targets and drifters as they tend to separate. Thus, this method generally



produced data only in light to moderate winds. The indirect method produced reasonable estimates
of the leeway rates of many common SAR targets. However, the results of the indirect method often
contained too much noise in the directions of wind and leeway to provide useful guidance on the
leeway angle or divergence from the downwind direction.

In the 1990%, the direct method of measuring leeway using internally recording current meters
attached to the drifting craft was introduced and calibrated against the indirect method. The new
current meters combined with wind monitoring systems, data loggers for GPS positions, and
satellite beacons allowed the deployment of leeway targets before a storm and their recovery after
the storm, with leeway data recorded throughout. The results were long, continuous records of
leeway through the high wind conditions that are of most interest to SAR planning. There have
been eight studies performed using the direct method.

3) What is the present level of understanding of leeway behavior?

The following survivor craft leeway behavior has been observed in recent leeway data sets:
divergence of the craft from the downwind direction, changes in relative wind direction that lead to
changes in sign of the divergence (jibbing), capsizing, and swamping. With larger leeway data sets
on a single target type, the difference between positive and negative crosswind components as
functions of wind speed is apparent. The downwind component of leeway is higher during rising
winds than falling winds for a given wind speed. Observing and quantifying these characteristics of
the leeway drift of survivors and survivor craft provides new and clearer understanding of the
mechanism of leeway.

4) How can we model the present level of understanding of leeway behavior?

A new model of leeway behavior is introduced that uses linear regression equations and variance of
both the downwind and crosswind components of leeway to predict the drift of the targets. This
third generation model of leeway drift area is called AP98. AP98 incorporated many features of
leeway behavior that have recently been observed, the most significant of which is the inclusion of
crosswind components of leeway to express the divergence of the target from the downwind
direction.

5) What is present leeway guidance for search planning?

The leeway guidance provided by the National SAR Manual, and the U.S. and Canadian Coast
Guard’s search planning tools are reviewed in Chapter 5. The guidance provided by these search
planning tools is restricted to leeway rate for a limited number of target classes based primarily
upon the Chapline (1960) study. Additional guidance for life rafts was added by several studies
in the 1970s and 1980s. The very limited guidance on leeway angle or divergence is based upon
Hufford and Broida’ (1974) report on four small craft (12-21 foot outboards).

6) How does the present leeway guidance compare to the new models of leeway behavior?

A sensitivity study of predicted leeway drift areas showed significant reductions in search area size
were achieved by the AP98 leeway model when compared to the first and second generation leeway
search area models presently used.
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7) What classes of leeway targets should be included in our search planning tools?
A systematic categorization of the possible targets of interest to the Coast Guard is presented as a
leeway taxonomy in Chapter 6. The leeway taxonomy is based upon rules that describe the target
and help guide the search planner quickly through the seven possible levels of the taxonomy.
The taxonomy uses published annual boating guides and references as much as possible to
provide the search planner with cross-reference ability. The taxonomy was designed to be easily
implemented in numerical search planning tools.

8) Are there new, broader categories of search objects within the leeway taxonomy for which
leeway equations can be generated from the available data?

Leeway data from multiple sources were combined together from lower levels in the leeway
taxonomy to generate predictions for generalized classes of PIWs, Maritime Life Rafts,
Commercial Fishing Vessels, and Medical Waste objects. This analysis is presented in Chapter 7.
The combination of deep-ballasted canopied life rafts revealed the importance of the presence or
absence of a drogue to the leeway drift of life rafts, and how little effect loading of the raft had on
the raft’s leeway drift rate. Data combined systematically up the leeway taxonomy table provide
leeway drift equations to the search planner as he descends through the leeway taxonomy table
from the general to the specific. Thus the SAR planner has leeway guidance for larger, more
inclusive categories at the beginning of a SAR case when information about the target type is
often incomplete. When further information about the target types has been obtained, more
specific leeway guidance will allow for a finer definition of the search area by the SAR planner.

9) What are the recommendations for modeling leeway in search planning tools?

Sixty-three new leeway classes and their values are recommended for inclusion in the next
version of the National SAR Manual. These leeway classes are characterized by the leeway
taxonomy introduced in Chapter 6 and outlined in Appendix A. The values for the leeway
equations are presented in Appendix B. This provides the SAR planner with 63 systematically
ordered and fully described leeway categories instead of the present seven poorly defined
categories.

10) What is the present level of modeling efforts?
A separate report titled "Modeling of Leeway Drift" by Anderson et al. (1998) addresses this
tenth question.

CONCLUSION

This report and Anderson et al. (1998) reflect the status of the field of leeway study and its
operational guidance in 1998. There have been significant gains in the understanding of leeway
behavior since the field studies of the 1960's and 70's. A newer, more sophisticated model of
leeway behavior was therefore developed to accurately reflect the recent advancements achieved
in determining the leeway of common SAR targets. It is anticipated that the findings and
recommendations of this report will lead to operational guidance that will result in smaller and
more accurately defined search areas.

vii



TABLE OF CONTENTS

Page
EXECUTIVE SUMMARY ..ottt ettt sttt st st et s st ssesbe st sabeesseesaesnenn v
LIST OF ACRONYMS AND ABBREVIATIONS ......cooiiiiiirinteireeeeceeeeenee XXVii
1. INTRODUCGTION.......cceiieieieiieerteiieieteteteeesestst bttt ettt sttt se st ene e ssesen 1-1
1.1 MOTIVATION ..ottt ettt st s et se et et senen 1-1
1.2 SCOPE ...ttt bttt ettt et ettt b et et 1-1
1.3 LEEWAY IN SEARCH AND RESCUE......ccoiiiireirereecreeeeeeee e 1-2
1.4 DEFINITIONS OF PARAMETERS ..ottt 1-3
2. REVIEW OF PREVIOUS LEEWAY FIELD EXPERIMENTS......ccccooviveneneeeenee 2-1
2.1 LEEWAY FIELD EXPERIMENTS: METHODS .......ccoiiiiirieeeeceeeeeenne 2-1
2.1.1  Indirect Method.......cooeieiiienieteieetcestct et sttt et 2-1
2.1.2  DIrect Method .....coveeuieieiieeeeetetence ettt 2-4
2.2 LEEWAY FIELD EXPERIMENTS: OBJECTS....cccociireeeneeeteeeeneee 2-7
3. COMPARISON OF THE LEEWAY OF TWO LIFE RAFTS...cccooirneireiieeieenne 3-1
3.1 INTRODUCTION .....ooioiiiieieieieietnieesteeeteitreet et se st s st s be b e eseee 3-1

3.2 THE LEEWAY OF A 12-FT RUBBER RAFT AND A TULMAR
4-PERSON LIFE RAFT ..ottt 3-1
3.2.1  Leeway Speed and ANLe ......coceevvevirieriieninieniceneceeeeee e 3-2
3.2.2  Downwind and Crosswind Components of Leeway..........ccccceeerueuenene. 3-8
3.3 EFFECTS OF UNCERTAINTY ON LEEWAY MODELING.......cc.cccceceunnene. 3-16
4. MODELS OF LEEWAY DRIFT AREAS ...ttt 4-1
4.1 INTRODUCTION ...cootiiiieieieieinietntstsieieietse ettt seeee ettt be st s e s e esenes 4-1
4.2 GDOC AMM LEEWAY DRIFT AREA ......cciteeeteeeeee e 4-2

viii



TABLE OF CONTENTS (continued)

Page
4.3 CASP LEEWAY DRIFT AREA. ..ottt eesve s s aesansens 4-3
4.4 ANEW MODEL OF LEEWAY DRIFT AREA (AP98)....ccccoeevimreerririeerenene 4-7
4.5 MODIFICATION OF GDOC AMM LEEWAY DRIFT AREA.........ccccoevveveneee. 4-8
4.6 COMPARISON OF LEEWAY DRIFT AREA MODELS. .......ccccooviieireeenene. 4-8
IMPLEMENTATION OF LEEWAY INTO SEARCH PLANNING TOOLS......... 5-1
5.1 INTRODUCTION ....ooiiiiiiiteieniteieseeitetestte et sie et e saess s e sseeva e beesreesaens 5-1
5.2 NATIONAL SEARCH AND RESCUE MANUAL.....cccovteieieeeeereeeeieens 5-1
5.2.1 Leeway Speed in the National SAR Manual.........c.cccceevvevriecienreeniennen. 5-1
5.2.2 Leeway Angle in the National SAR Manual .......c...ccccevvrviinninnveneennen. 5-5
5.3 AUTOMATED MANUAL METHOD In GDOC........cccccovvveriireiecreereeeeee, 5-5
5.3.1  LeeWay ClaSSES ..cccveeieriieieniinieeierieseettesteste e etessessesanesaeeeraeesseeraeeaeas 5-5
5.4 CASP Version 11X ..ottt ettt rs e s e s s ens 5-7
54.1  Leeway Classes....cccooiiriiiiiiiieeieeiteie ettt eve e 5-7
5.4.1.1 CASP User Defined Leeway Input ..........cccoovevueeieiiieneennene. 5-8
5.5 CANADIAN SEARCH-PLANNING TOOLS ....ccceovviririeeeieieseeeece e 5-9
5.6 CASP Version 2.0..c..ccoieviirieriiienientitesentenitsste st esiseste e e sse e eseesveeesne s s 5-14
5.7 COMPARISONS OF PRESENTLY AVAILABLE LEEWAY VALUES
VERSUS IMPLEMENTED LEEWAY VALUES .....ccooiiiiiiiieeeeeteeee 5-15
5.7.1  Leeway Category I, “Light Displacement Cabin Cruisers, Outboards,
Rubber Rafts, etc. (Without Drogue)”..........ccceeveeeeeenrececeeeereeree 5-16
5.7.2  Leeway Category I, “Large Cabin CruiSers”..........cceeeveererrerueveerennens 5-21

5.7.3  Leeway Category IlI, “Light Displacement Cabin Cruisers,
Outboards, Rubber Rafts, etc. (With Drogue)”........c.ccccevveveerevvenrennne. 5-21

iX



TABLE OF CONTENTS (continued)

Page

574  Leeway Category IV, “Medium displacement sailboats, fishing
vessels such as trawlers, trollers, tuna boats, €tC.” ..........cccvevevvervreneen. 5-21

5.7.5  Leeway Category V, “Heavy Displacement Deep Draft
Sailing VESSEIS” ....coouiueiiiieriieiiniereenteretnteie ettt 5-28
5.7.6  Leeway Category VI, “Surfboards” .......c..cccovvrevinecenecreinecrecreeeenns 5-28
5.7.7  Leeway Category VII, “Person-in-the-Water (PTW)” .........c.ccoeevenenen. 5-29
5.7.8  Leeway Speed Guidance Provided by National SAR Manual............. 5-30
5.7.9  Leeway Angle Guidance Provided by National SAR Manual............. 5-39
6. TAXONOMY OF LEEWAY DRIFT TARGETS ..ottt 6-1
6.1 INTRODUCTION. ..ottt ettt ss e s et esesnaee 6-1
6.2 ESTABLISHING THE LEEWAY TAXONOMY ...coooooieeeieeeereeeeeeeveeerernes 6-2
6.3 LIMITATIONS OF THE LEEWAY TAXONOMY .....cooooiviieieieieeeeeeee, 6-6
6.4 EXAMPLES OF USING THE LEEWAY TAXONOMY .....ccccevvvrrrerrererererenne 6-7
7. LEEWAY OF COMBINED CLASSES OF TARGETS ..ot 7-1
7.1 INTRODUCTION.......ciiteteiieieiirieieieetststeteteaessssse et st s s s s etesssseseneas 7-1
7.2 METHODS OF ANALYSIS ..ottt 7-1
7.3 LEEWAY OF COMBINED CLASSES.......cocietreirreeereeeseetee e 7-2
T30 PIWS ettt ettt et 7-2
7.3.2. Maritime Life Rafts......ccocccveinninniniieeeeenee e 7-2
7.3.2.1 Maritime Life Rafts with No Ballast Systems........................ 7-2
7.3.2.2  Maritime Life Rafts with Shallow Ballast Systems

ANA CANOPY...cvrverrreniriririeriteieisteteesteseetssesestssessseseesessseseneas 7-3



TABLE OF CONTENTS (continued)

Page
7.3.2.3 Maritime Life Rafts with Deep Ballast Systems ....................... 7-3
7.3.2.3.1 Maritime Life Raft (deep ballast, canopy,
without drogue, 4-6 person, light loading).............. 7-3
7.3.2.3.2 Maritime Life Raft (deep ballast, canopy, with
drogue, 4-6 person, light loading) ...........cccecueuneeee 7-9
7.3.2.3.3 Maritime Life Raft (deep ballast, canopy,
without drogue, 4-6 person, heavy loading)......... 7-14
7.3.2.3.4 Maritime Life Raft (deep ballast, canopy, with
drogue, 4-6 person, heavy loading)...................... 7-19
7.3.2.3.5 Maritime Life Raft (deep ballast, canopy,
4-6 person, without drogue) .......cccceeveveeeeerenennen. 7-23
7.3.2.3.6 Maritime Life Raft (deep ballast, canopy,
4-6 person, with drogue).........ccceceeveeveeeeereienenn, 7-23
7.3.2.3.7 Maritime Life Raft (deep ballast, canopy,
4-6 PEISOM) ..oveuenrenieuirenireeieessetsressesesesseaessesneseas 7-24
7.3.2.3.8 Maritime Life Raft (deep ballast, canopy,
15-25 PEISON) .eveuriuireiriiieirieteeteeee et 7-32
7.3.2.3.9 Maritime Life Raft (deep ballast, canopy) ........... 7-37
7.3.3 Commercial Fishing VesSels .......cccceoueirrieiicieieinieieeceeeececveeeeeeene 7-42
7.3.4  Medical WAESEE ....c.ccevveiiriieeicierteiectree ettt 7-42
7.4 LIMITATIONS OF THE ANALYSES OF COMBINED CLASSES........... 7-43
SUMMARY AND RECOMMENDATIONS .....ccooitiireiteieriieieeeee e eeseseae e 8-1
8.1 INTRODUCTION .....ootiiiiiiieieertrieteettsieietstsesete e ssae et s et sesesnnas 8-1
8.2 SUMMARY ..ottt ettt ettt et ene s 8-1
8.3 RECOMMENDATIONS FOR LEEWAY GUIDANCE FOR THE
MANUAL METHOD ..ottt ettt ese s 8-4

Xi



TABLE OF CONTENTS (continued)

Page
8.4 FUTURE WORK .........oommmmmmmmmeoeseeseeesssssssssossessessessessesessssssssssesmsssssssssssssssesseeeee 8-14
REFERENCES ...oovvvvvoveeeeeeee oo eeeeemessssesesssssessssessmmesessseeseesesesseesessssssssssesssssssssees R-1
APPENDIX A  LEEWAY TAXONOMY TABLES....oooooooooooooeeeoeeeeeeeeeeereereesesesennnee A-l
APPENDIXB  CLASS DESCRIPTIONS OF LEEWAY DRIFT OBJECTS ......... Bl-1
APPENDIXC  ANNOTATED BIBLIOGRAPHY FOR LEEWAY
§V9:C0) o).V ' C-1
APPENDIXD  CHAPLINE (1960) "ESTIMATING THE DRIFT OF
DISTRESSED SMALL CRAFT" ... D-1

Xii



1-1

1-2

2-1

2-2

2-3

2-5

2-6

2-7

2-18

LIST OF ILLUSTRATIONS

Page
Relationship between Relative Wind Direction (RWD) and Leeway Angle ...... 1-4
Relationship between the Leeway Speed and Angle and the Downwind and
Crosswind Components 0f LEEWAY .......cceevueriereriienieiinierieeeseerieeeee e snesaeens 1-5
Mark 7 e 1aft ...ooeeeiee e 2-13
16-foot Outboard Motor BOat ........ceceeveviereriinieieeicneeienteie e 2-13
18-foot Outboard Motor Boat ........cccueeieeieriieiiireeeerteeeeee e eeeae 2-13
30-f00t UtIlity BOAt ..cc.vieiiiiiieieeeeeeteeeee ettt 2-13
Japanese 8-person and 13-person life rafts........cccceeeeierieiinineneninicnicncnene 2-13
RFD 6-person MK3A Life Raft ......ccccocoeviniininiiiiiiicecccecee e 2-13
Switlik 4-person Life Raft.......cccooiriiiiininiiiiiicecccececee e 2-14
Givens Buoy 6-person Life Raft.........cccooiiiiiiiiiiccccecenee 2-14
Avon 4-person Life Raft.......c.oooveiiriiiiiiiiiinceeeeeceeeee 2-14
Winslow 4-person Life Raft........coooviiiiiiiiniiiieeeeeee e 2-14
20-T00t Cabin CIUISET ....ccuvtiriieeieeriieeiieieetee ettt ettt e stteste et e e s teesaeeesnneenes 2-14
Beaufort 5-sided 4-person Life Raft.......c.cccooeveiininnininnienecee 2-14
Beaufort 6-sided 4-person Life Raft........cccocoevieniiiiniiiiiiineeeeeee 2-15
Beaufort circular 20-person Life Raft ........cccccveviininiiinicncncceee 2-15
5.6-m open wooden-planked boat .........cccceceevieiieniieiiniie e 2-15
SOLAS approved 22-person Life Capsule........ccceceverieiiiniininnienienenieieneeeenen 2-15
L1011 Aircraft Evacuation / Slide 46-person Life Raft..........coccoeveniinnnnne. 2-15
USCG Sea ReSCUE Kit...oo.uoiriiiiieiiiieieiteeeeteeeeee ettt 2-15

Xiii



Figure

2-19

2-20

2-21

2-22

2-23

2-24

2-25

2-26

2-27

2-28

2-29

2-30

2-31

2-32

2-33

2-34

3-1

LIST OF ILLUSTRATIONS (continued)

Page
Tulmar 4-person Life Raft.........ccooviiiiiininitcce e 2-16
Switlik 6-person Life Raft with four small ballast bags.......cccccoceeveeeniinennnnnee. 2-16
12.5-m Korean Fishing Vessel .......ccccoeviniriiiiiiiiiiiieicnice e 2-16
Cuban Refugee Raft with Sail......cccoceveveniiiiiiininneteeeee e 2-16
Cuban Refugee Raft without Sail.......ccccocvviiniiiiiiiniiieeeeee e 2-16
15-m Fishing Vessel with rear -reel for net fishing.........cccoeevevevevvevieneeneenen. 2-16
Switlik 6-person Life Raft with full toroidal ballast bag..........cccceeveveeneennnnen. 2-17
PIW, With TYPE I PFD ..ottt 2-17
PIW 10 SUIVIVAL SUIL coueiiiieiiieeeeeeeeteeee ettt 2-17
S€a KaYaK ... eieiiieiieeieeice e 2-17
WiInd-surf BOArd.........cccooieriiiiiniiineteeeetene ettt 2-17
Wharf Box (cubic meter bait DOX)......cccevveeveriiniinienicnienierie et 2-17
36-foot Senator (Sport Cruisers, Motor Yacht, Modified V-hull, Covered
aft deck, with bridge canopy) ......coceeeeveriireniniineceeeee e 2-18
PIW, With TYpe IL PED.....cciiiiiiiriicetcctceen ettt 2-18
13.8-m Fishing Vessel with rear-reel for net fishing...........c.cccoevveeveciennennnnnen. 2-18
65-foot Sailboat (Mono-hull, full keel, deep draft, with masts)........c..cccoccuu.... 2-18
The Unconstrained Linear Regression and 95% Prediction Limits of Leeway
Speed for Hufford and Broida’s (1974) 12-foot Rubber Raft without sea
anchor versus Wind Speed (unadjusted) and a Tulmar 4-person Life Raft
(1-person loading, no drogue) Versus Wigm. «.occeerverriiereenieniieenieenieeenieeesveenenens 3-3

Xiv



Figure

3-2

3-3

3-5

3-6

3-7

4-1

LIST OF ILLUSTRATIONS (continued)

(A) The 10-m Wind Speed from 1800 (UTC) on Yearday 338 to 0700 on

Yearday 339, 1992, at the Tulmar life raft. (B) Leeway Speed versus

10-m Wind Speed during the above period Separated by Rising and

Falling WiInds .....cccovueriiniiiiiiiniciiiciciecr e 3-5

The Progressive Vector Diagram of the Leeway Displacement Vectors
for the Nine Drift Runs of the Tulmar 4-person Life Raft (1-person loading,
N0 AFOZUE) ettt s 3-7

The Unconstrained Linear Regression and 95% Prediction Limits of the
Downwind Component of Leeway for Hufford and Broida’s (1974) 12-foot
Rubber Raft without sea anchor versus Wind Speed (unadjusted) and a

Tulmar 4-person Life Raft (1-person loading, no drogue) versus Wigm, ............ 3-9

The Unconstrained Linear Regression and 95% Prediction Limits of the

Positive and Negative Absolute Values of Crosswind Components of

Leeway of Hufford and Broida’s (1974) 12-foot Rubber Raft without sea

anchor versus unadjusted Wind Speed.........ccovieiiriiininiieniiieeeeeee e 3-11

The Piece-Wise Unconstrained Linear Regression and 95% Prediction
Limits of the Crosswind Component of Leeway of a Tulmar 4-person
life raft (1-person loading, no drogue) versus Wigm. .cocceeveeveerersiersuensuennueennenn 3-12

Ilustration of Leeway Threshold Behavior as a Function of wind speed........... 3-15

The leeway drift area of GDOC AMM for (A) a divergence less than
38 degrees and for (B) a divergence greater than 38 degrees.........ccevvvvvenennnen. 4-3

The leeway drift area of CASP for a divergence angle of [A] 35 degrees
and for (B) 60 degrees. ......ooueeriiiieiieieeeeeeeee et 4-5

The leeway drift area of CASP and GDOC AMM for Category I leeway targets
for after 6 and 24 hours of a steady 20 knot wind..........cccceevvievinnciiniiencienieenne, 4-6

The leeway drift area of leeway distribution model AP98 for Hufford and

Broida’ (1974) 12-foot Rubber Raft without a sea anchor, along with the

CASP and GDOC AMM for category I leeway targets after 6 and 24 hours

of a steady 20 Knot Wind........c.ccoeervieririniieninientieeteeetese ettt 4-9

XV



4-6

4-7

4-8

4-9

5-2

LIST OF ILLUSTRATIONS (continued)

Page

The Leeway Drift Area of Leeway Distribution Model AP98 for Hufford and
Broida’s (1974) 12-foot Rubber Raft without a sea anchor, along with the GDOC
AMM original, GDOC AMM modified and CASP Leeway Drift Areas for
Category I Leeway Targets after 96 hours of a Steady 5 knot Wind. The

standard errors used in the AP98 model are: [A] 1 cm/s; [B] 3 cm/s;

[C]5 cm/s; [D] 7 c/s; [E] 9 cm/s; and [F] 11 cm/S..ceeivinieinieiceceeeeeeeee 4-13

The Leeway Drift Area of Leeway Distribution Model AP98 for Hufford and
Broida’ (1974) 12-foot Rubber Raft without a sea anchor, along with the

GDOC AMM original, GDOC AMM modified and CASP Leeway Drift Areas

for Category I Leeway Targets after 48 hours of a Steady 10 knot Wind.............. 4-14

The Leeway Drift Area of Leeway Distribution Model AP98 for Hufford and
Broida’ (1974) 12-foot Rubber Raft without a sea anchor, along with the

GDOC AMM original, GDOC AMM modified and CASP Leeway Drift Areas

for Category I Leeway Targets after 32 hours of a Steady 15 knot Wind. ........... 4-15

The Leeway Drift Area of Leeway Distribution Model AP98 for Hufford and
Broida’s (1974) 12-foot Rubber Raft without a sea anchor, along with the

GDOC AMM original, GDOC AMM modified and CASP Leeway Drift Areas

for Category I Leeway Targets after 24 hours of a Steady 20 knot Wind. ........... 4-16

The Leeway Drift Area of Leeway Distribution Model AP98 for Hufford and
Broida’s (1974) 12-foot Rubber Raft without a sea anchor, along with the

GDOC AMM original, GDOC AMM modified and CASP Leeway Drift Areas

for Category I Leeway Targets after 12 hours of a Steady 40 knot Wind. ........... 4-17

The Leeway Drift Area of the AP98 Leeway Distribution Model for 5.5 meter
open Boat, along with the CASP and GDOC AMM areas for Category I
Leeway Targets after 6 and 24 hours of a Steady 20-knot Wind. ...................... 5-18

The Leeway Drift Area of the Leeway Distribution Model AP98 for
5.5-m open Boat for Steady Winds of 5 knots for 96 hours, 10 knots for
48 hours, 20 knots for 24 hours and 40 knots for 12 hours...........cccceeeeeurreenneen. 5-20

The CASP and GDOC AMM Leeway Distribution Areas for a Fishing

Vessel with a leeway of 4% of 20 knot wind after 6 and 24 hours.
Divergence angle iS 35 deZIees. ......oouvirireneninenenirietetete et 5-24

Xvi



5-6

5-7

5-8

5-9

6-1

7-1

7-2

LIST OF ILLUSTRATIONS (continued)

L?
o
[¢]

The CASP and GDOC AMM Leeway Distribution Areas for a Fishing
Vessel with leeway of 4% of 20 knot wind after 6 and 24 hours.
Divergence angle is 60 deZrees ........oevueverirenieniniinenieieenieieee e 5-25

The Leeway Drift Distributions from CASP, GDOC AMM, and AP98 for a
Fishing Vessel with a leeway of 4% of 20 knot wind after 6 and 24 hours.
Divergence angle used in CASP and GDOC AMM was 35 degrees. ................ 5-26

The Leeway Drift Distributions from CASP, GDOC AMM, and AP98 for a
Fishing Vessel with a leeway of 4% of 20 knot wind after 6 and 24 hours.
Divergence angle used in CASP and GDOC AMM was 60 degrees. ................ 5-27

The Leeway Drift Distribution from AP98 for a Tulmar 4-person Life Raft
with 1-person loading without a drogue. Winds used were Steady at
20 knots for 6 and 24 hOUTS. .....cceevierieiieeiee et 5-36

The Leeway Drift Distribution from AP98 for a Tulmar 4-person Life Raft

with 1-person loading without a drogue. Winds used were Steady at:

5 knots for 96 hours, 10 knots for 48 hours, 20 knots for 24 hours,

and 40 knots for 12 hours. .......coceviiiiinieeieeeeeeeee e 5-37

The Leeway Drift Distribution from AP98 for a Tulmar 4-person Life Raft

with 1-person loading without a drogue. Winds used were Steady at

5, 10, 20, and 40 knots for 12 hours. Also shown is the outline of

CASP leeway drift distribution for a Category I leeway target for a

Steady Wind of 20 knots for 12 hours........cccceeeieienieciineeeceececeeecee 5-38

Top-Level View of Leeway TaXonomy .......cccceccveveeienieecieneecieeieceeeteecree e 6-3

The Unconstrained Linear Regression and 95% Prediction Limits of the
Leeway Speed versus Wind Speed at 10m, Maritime Life Rafts, deep
ballast systems, canopy, without drogue, 4-6 person capacity, light loading. .....7-5

The Unconstrained Linear Regression and 95% Prediction Limits

of the Downwind Component of Leeway versus Wind Speed at 10m,

Maritime Life Rafts, deep ballast systems, canopy, without drogue,

4-6 person capacity, light 10ading. .......cccoevervirviiiieiiiiceeeee e, 7-6

Xvii



7-4

7-5

7-6

7-7

7-8

7-11

LIST OF ILLUSTRATIONS (continued)

Crosswind Component of Leeway versus Wind Speed at 10m,
Maritime Life Rafts, deep ballast systems, canopy, without drogue,
4-6 person capacity, light 10ading. ........cccccevrviiiinininiininceee e 7-7

The Unconstrained Linear Regression and 95% Prediction Limits of the
Crosswind Component of Leeway versus Wind Speed at 10m, Maritime

Life Rafts, deep ballast systems, canopy, without drogue, 4-6 person

capacity, light 10ading. ... 7-8

The Unconstrained Linear Regression and 95% Prediction Limits of the
Leeway Speed versus Wind Speed at 10m, Maritime Life Rafts, deep ballast
systems, canopy, with drogue, 4-6 person capacity, light loading. ................... 7-10

The Unconstrained Linear Regression and 95% Prediction Limits

of the Downwind Component of Leeway versus Wind Speed at 10m,

Maritime Life Rafts, deep ballast systems, canopy, with drogue,

4-6 person capacity, light l0ading. .......ccccocriiniiiiiiiinieeeee e 7-11

Crosswind Component of Leeway versus Wind Speed at 10m,
Maritime Life Rafts, deep ballast systems, canopy, with drogue,
4-6 person capacity, light loading. ........ccoceveiiiiiiiiniiieceeeeeeee e 7-12

The Unconstrained Linear Regression and 95% Prediction Limits of the

Absolute values of the Crosswind Component of Leeway versus Wind Speed

at 10m, Maritime Life Rafts, deep ballast systems, canopy, with drogue,

4-6 person capacity, light loading. .....c.ccccceiiiiiiiiiiiniieee e 7-13

The Unconstrained Linear Regression and 95% Prediction Limits

of the Leeway Speed versus Wind Speed at 10m, Maritime Life Rafts,

deep ballast systems, canopy, without drogue, 4-6 person capacity,

heavy 10adINgG. ...oociiviiiiiiiiiii e 7-15

The Unconstrained Linear Regression and 95% Prediction Limits

of the Downwind Component of Leeway versus Wind Speed at 10m,

Maritime Life Rafts, deep ballast systems, canopy, without drogue,

4-6 person capacity, heavy 10ading. ......ccccecceeiiiriiiniiiniiieieececee e 7-16

Crosswind Component of Leeway versus Wind Speed at 10m,

Maritime Life Rafts, deep ballast systems, canopy, without drogue,
4-6 person capacity, heavy 10ading. .....c..cccceeveviiiririinieciecereeece e, 7-17

XViit



7-13

7-14

7-16

7-18

7-19

LIST OF ILLUSTRATIONS (continued)

The Unconstrained Linear Regression and 95% Prediction Limits of

the Crosswind Components of Leeway versus Wind Speed

at 10m, Maritime Life Rafts, deep ballast systems, canopy, without drogue,

4-6 person capacity, heavy 10ading. ......c.ccccceveviniininiineneere e 7-18

The Unconstrained Linear Regression and 95% Prediction Limits

of the Leeway Speed versus Wind Speed at 10m, Maritime Life Rafts,

deep ballast systems, canopy, with drogue, 4-6 person capacity,

heavy 10adiNg. ....ccccovieviiiiiiiiiicii e 7-20

The Unconstrained Linear Regression and 95% Prediction Limits

of the Downwind Component of Leeway versus Wind Speed at 10m,

Maritime Life Rafts, deep ballast systems, canopy, with drogue,

4-6 person capacity, heavy 10ading. ......ccccoceeveriiiniiiiinienieeeteeee e 7-21

The Unconstrained Linear Regression and 95% Prediction Limits

of the Crosswind Component of Leeway versus Wind Speed at 10m,

Maritime Life Rafts, deep ballast systems, canopy, with drogue,

4-6 person capacity, heavy 10ading. ....c..ccocceeveeiiiiiiinieeeeeeee e 7-22

The Unconstrained Linear Regression and 95% Prediction Limits
of the Leeway Speed versus Wind Speed at 10 m, Maritime Life Rafts,
deep ballast systems, canopy, 4-6 pPerson Capacity.......ccocceeveereerveeercreensueessueenns 7-26

The Unconstrained Linear Regression and 95% Prediction Limits
of the Downwind Component of Leeway versus Wind Speed at 10 m,
Maritime Life Rafts, deep ballast systems, canopy, 4-6 person capacity........... 7-27

The Crosswind Component of Leeway versus Wind Speed at 10 m,

Maritime Life Rafts, deep ballast systems, canopy, 4-6 person capacity,

with drogue with light and heavy loading, and without drogue with light

and heavy 10ading. ........cocerieririenieeeree et 7-28

The Unconstrained Linear Regression and 95% Prediction Limits

of the Positive and Negative Crosswind Component of Leeway versus

Wind Speed at 10m, Maritime Life Rafts, deep ballast systems, canopy,

without drogue, 4-6 Person Capacity. .......cccocceeveevreescnrernienienenrreneeneeseeeeeeane 7-29

X1X



Figure

7-20

7-21

7-22

7-23

7-24

7-25

7-26

7-27

7-28

7-29

LIST OF ILLUSTRATIONS (continued)

The Unconstrained Linear Regression and 95% Prediction Limits
of the Leeway Speed versus Wind Speed at 10m, Maritime Life Rafts,

deep ballast systems, canopy, 4-6 person Capacity........c.cceceeeererreereeruesreesuennens

The Unconstrained Linear Regressions and 95% Prediction Limits
of the Downwind Component of Leeway versus Wind Speed at 10m,

Maritime Life Rafts, deep ballast systems, canopy, 4-6 person capacity..........

The Unconstrained Linear Regression and 95% Prediction Limits
of the Leeway Speed versus Wind Speed at 10m, Maritime Life Rafts,

deep ballast systems, canopy, 15-25 person capacity.........cceceeeeereeeeesuesnennen.

The Unconstrained Linear Regression and 95% Prediction Limits
of the Downwind Component of Leeway versus Wind Speed at 10m,

Maritime Life Rafts, deep ballast systems, canopy, 15-25 person capacity.....

The Crosswind Component of Leeway versus Wind Speed at 10m,

Maritime Life Rafts, deep ballast systems, 15-25 person capacity. ................

The Unconstrained Linear Regression and 95% Prediction Limits of
the Positive and Negative Crosswind Component of Leeway versus
Wind Speed at 10m, Maritime Life Rafts, deep ballast systems,

Canopy, 15-25 person Capacity. .....cccceevreeerienieeieenieete sttt

The Unconstrained Linear Regression and 95% Prediction Limits
of the Leeway Speed versus Wind Speed at 10m, Maritime Life Rafts,

deep ballast systems and CanoOPY. ....ccceevereevuerirrienienieie et

The Unconstrained Linear Regression and 95% Prediction Limits
of the Downwind Component of Leeway versus Wind Speed at 10m,

Maritime Life Rafts, deep ballast systems and canopy .........cccceeeeevevveereenennens

The Crosswind Component of Leeway versus Wind Speed at 10m,

Maritime Life Rafts, deep ballast systems and canopy. ........cccceeeevreevveereennne

The Unconstrained Linear Regression and 95% Prediction Limits
of the Positive and Negative Crosswind Components of Leeway versus

Wind Speed at 10m, Maritime Life Rafts, deep ballast systems and canopy..

XX

.. 7-30

.. 7-33

.. 7-35

.. 7-36

. 71-38

.. 7-40

. 7-41



LIST OF ILLUSTRATIONS (continued)

ILLUSTRATIONS IN APPENDIX B Page
Examples of Boating PIW and their PFDS........cccocvviiniiiiniiniiecceeeeceee e B1-3
Examples of Maritime Survival Craft........c..ccccooeviriiniininiieeeeee e B2-1
Examples of Person-Powered Craft ..........cccooeieinininininciinnceeeeccceeeereeeeene B3-1
Examples of Full Keel One-Design Sailboats..........cccceveviivienininninneneeniencenene, B4.1-1
Examples of Fin Keel One Design Sailboats ...........ccceveviiveniininnenieneenieeeeene, B4.2-1
Examples of Dagger/Centerboard One Design Sailboats........c.ccceecveeverienieeciiecnnennen. B4.3-1
Examples of Bare Bottom One Design Sailboats.........ccccceeeiiniiiininnciiniiiniieeieeeeene B4.4-1
Example of @ Sport Catamaran.........cc.eeveeeeeereneeieniieientereesee e et B4.5-1
Example of @ Sport TrmMaran ..........ceceevierernienicnintiieetceeeeeet et B4.6-1
Examples of Full Keel Cruising Sailboats........cccccevirueerirerenieieinireininieceeeneseseeienens B4.7-1
Examples of Fin Keel Cruising Sailboats.........cccceeeereniininiiniieieeteeeiese e, B4.8-1
Example of a Water Ballast Trailer Sailboat...........ccccooeenirieninienieeeieeiece e, B4.9-1
Examples of Cruising Catamarans ....................................................................... B4.10-1
Examples of CruiSing TrIMAarans. ......c.ecceeeeeeuereeentreereeenieeneneeenseeesestesesesseseesesees B4.11-1
Example of @ HOVEIcraft........coeiviieiniieeccecccseccece et B5.1-1
Examples of Inflatable BOats........c..ccccvrieinininiiiiiicctceieccreccrteee e B5.2-1
EXamples Of SKIffS .....ooviiiiiiieee et BS5.3-1
Example of a Personal Water Craft.........ccccoeveirininiiiniieeeeeeee e B5.4-1
Examples 0f SPOrt BOAtS.......cveieieieieieieiectete ettt st B5.5-1
Examples of Sport FIShers........ccoiiioiiiinieeeece e B5.6-1
EXamples 0f SPOTt CIUISETS ...cc.cueeirvereririemeiriieiereentnieieertesetssesesesseseestesesesseessesessenenees BS5.7-1

XXi



LIST OF ILLUSTRATIONS (continued)

ILLUSTRATIONS IN APPENDIX B (continued) Page
Examples of Commercial FIShers ........cccoconiineiniiinninieireneceeeeeeeee e B5.8-1
Examples of Coastal Freighters. ..o B5.9-1
Examples of Aviation PIW’S PFDS ...ccocoiviimiiiinireeteeeee et B7-1
Examples of Aviation Survival Craft.......cccoceoevvevinennenneeeeeeeee e B8-1
Examples of Combat SAR Aviation PIW’s PFDS.....cccccovenviinecneeecececeeee B10-1
Example of a Combat SAR Aviation Survival Craft.........cccceeevneicennieeeeeee B11-1
Examples of Combat SAR Maritime PIW’S PEDS......cccccoevevennrevineieieceeeeeene B13-1
Example of a Combat SAR Maritime Survival Craft.........cccceeveeeviiieccrcieeeeenen B14-1

XXxii



Table
1-1

2-1

2-2
2-3

3-1

3-2

3-3

3-5

3-6

3-7

LIST OF TABLES

Page
Conversion Factors for UNIts ........cccceeeeeiiinitniierinietencee ettt ae e 1-6
Leeway Studies Using the Indirect Method of Measuring Sea Currents
and Wind to Determine LeEWaY .......coovveeieruieiieeiecieeiece ettt eaeens 2-2
Leeway Studies Using the Direct Method of Measuring Leeway ........................ 2-6
Objects that have been field tested for leeway values. ........ccocveevererecrecrcieee. 2-8
Unconstrained Linear Regression of Leeway Speed of Hufford and
Broida s (1974) 12-foot Rubber Raft without sea anchor on Wind Speed
and of Tulmar 4-person Life Raft (1-person loading, no drogue) on
1O-MELEr WINA .ooviiiiiiiiieicee ettt ettt as e be e s asenaeens 3-2

The Coefficients of the Polynomials Describing 95% Prediction Limits of the
Unconstrained Linear Regression of Leeway Speed on Wind Speed for
Hufford and Broida (1974) 12-foot rubber raft without sea anchor, and

on 10-meter Wind Speed for Tulmar 4-person Life Raft (1-person loading,

110 ATOBUEC) ..ttt ettt ettt s ettt et et e st et e s ba e te s st essaessaessaesseeessensean 3-4
Summary of Leeway Drift Runs Tulmar 4-person Life Raft

(1-person loading, N0 ATOZUE) .....ccccevuiririiniiieniiiiceteee et e 3-6
Leeway Angle: Hufford and Broida’s (1974) 12-foot Rubber Raft without

sea anchor and Tulmar 4-person Life Raft (1-person loading, no drogue) .......... 3-8
Hierarchy of Methods for Leeway Data Analysis ........cccccevvvienieneniecieceeeenene. 3-10

Unconstrained Linear Regression of Leeway Components on Wind Speed

for Hufford and Broida s (1974) 12-foot Rubber Raft without sea anchor

and on 10-meter wind for Tulmar 4-person Life Raft (1-person loading,

N0 ATOBUE) ...ttt ettt ettt sttt ettt et et e b e basse s ensanseneennan 3-13

The Coefficients of the Polynomials Describing 95% Prediction Limits of the
Unconstrained Linear Regression of Leeway Components on Wind Speed

for Hufford and Broida (1974) 12-foot rubber raft without sea anchor, and on
10-meter Wind Speed for Tulmar 4-person Life Raft (1-person loading,

N0 ATOZUE) ..cvvieiie ittt ettt st ettt e et e et e s e e seestessseesaessseesseeneans 3-14

Xxiit



Table

4-2

4-3

4-4

4-5

5-1
5-2
5-3

5-4

5-5

5-6

5-7

LIST OF TABLES (continued)

Page
Drift Error Factors For Modified GDOC AMM .......cccccooieciieieieeeecreeveeeveee 4-8
Comparison of AP98 Leeway Drift Area Model with Varying Values for
the Standard Deviation of the Normal Distribution for 12-foot Rubber Raft
without sea anchor for a Steady Wind of 5 knots for 96 hours. .........c..cceneenee. 4-10
Comparison of AP98 Leeway Drift Area Model with Varying Values for
the Standard Deviation of the Normal Distribution for 12-foot Rubber Raft
without sea anchor for a Steady Wind of 10 knots for 48 hours. .........ccc.cc........ 4-11
Comparison of AP98 Leeway Drift Area Model with Varying Values for
the Standard Deviation of the Normal Distribution for 12-foot Rubber Raft
without sea anchor for a Steady Wind of 15 knots for 32 hours. ..........c............ 4-11
Comparison of AP98 Leeway Drift Area Model with Varying Values for
the Standard Deviation of the Normal Distribution for 12-foot Rubber Raft
without sea anchor for a Steady Wind of 20 knots for 24 hours. ....................... 4-12
Comparison of AP98 Leeway Drift Area Model with Varying Values for
the Standard Deviation of the Normal Distribution for 12-foot Rubber Raft
without sea anchor for a Steady Wind of 40 knots for 12 hours. ....................... 4-12
National SAR Manual’s Leeway Target Classes, Values and References ........... 5-2
USCG GDOC AMM Leeway Target Classes and Values ..........c.ccceeevrevveennennnn. 5-6
USCG CASP 1.1X Leeway Target Classes and Values.......cccccoevueeveevienrenennnn, 5-7
Canadian CG Search-Planning Tools Leeway Target Classes, Leeway
Speed and REferences .........cocevieieriniiiienienieeeeestee ettt 5-9
Canadian CG Leeway Target Classes, Leeway Divergences, Angles and
REFETENCES ..ottt ettt et ene e 5-13
Leeway Classes Proposed for CASP 2.0...c..ccovvevivininininininieieseereeeeeeeenns 5-14
Comparison of Leeway Drift Area Models for a Steady Wind of 20 knots for
6 and 24 hours (No Sea Surface or Wind Currents, LKP is a point)..................... 5-17

XX1V



Table

5-8

5-10

5-11

5-12

5-13

6-1

A-3
A-4

A-5

A-7

LIST OF TABLES (continued)

Page
Comparison of Leeway Drift Area Models for a Steady Wind of 10 knots for
48 hours, 20 knots for 24 hours, and 40 knots for 12 hours (No Sea Surface or
Wind Currents, LKP is @ POINt)......ccccceciviiiniiiniiiniiiiiiiiiiciiceenincnne 5-19
Comparison of Leeway Drift Area Models for a steady wind of 20 knots for
6 and 24 hours (No Sea Surface or Wind Currents, LKP is a point).........ccccc.... 5-23
Downwind Displacement for Raft with Canopies, With Ballast Systems,
without Drogues (10 meter Winds for 24 hours at 10, 20, 30 and 40 knots).....5-31
Downwind Displacement for Raft with Canopies, Without Ballast Systems,
without Drogues (10 meter Winds for 24 hours at 10, 20, 30 and 40 knots).....5-32
Total Displacement for Life Rafts with Canopies and Deep Ballast
Systems, with and without Drogues (10 meter Winds for 24 hours at
10, 20, 30 and 40 KNOS ..ocoviiieieeiieeeee et et e e e eear e e e e eennrnreeeeennes 5-34
Comparison of Leeway Drift Area Models Life Raft with Canopy and Ballast
System, No Drogue for a steady wind of 5, 10, 20 and 40 knots for 12 hours
(No Sea Surface or Wind Currents, LKP 15 @ point) ......ccccceeevviieiecieeiieeniiecneen, 5-35
Leeway Drift Taxonomy Classification Rules .........cccocceeviviiniiniinnnnceecieceee, 6-2
Recommended Leeway Speed and Direction Values for Search Planning
008 ettt ettt ettt e s e e e nbe e naeens 8-5
Leeway Taxonomy Tables: Cross-Reference MatriX........coceevveveenieveenveninennen. A-1
Boating PIW ...ttt st A-2
Maritime Survival Craft .......ccooveevieniriiieneneeeeete e A-3
Person-Powered Craft .........ccooueviiiiiiiniienecteeeeee e A-9
SAING VESSLLS ..uviiiiiieiiiiettee ettt sttt st A-10
POWET VESSELS ...euiiiiiiiiieiieieeiterteet ettt ettt et et A-18
Boating DEbIis.....ccuecueriinirieiirecieinieeeet ettt A-23

XXV



Table

A-8

A-10
A-11
A-12
A-13
A-14
A-15
A-16
A-17
A-18
A-19
A-20
B-1

C-1

LIST OF TABLES (continued)

Page
AVIAION PIW ..ottt e A-23
Aviation Survival Craft.........ccceveeiiiineniiieteneccet et A-24
AVIAtION DEDIIS ..eeiieiieiiiiiie ettt ettt et s A-30
Combat SAR AvIation PIW ......cooiiiiiiiiceceetcetee et A-31
Combat SAR Aviation Survival Craft.......ccceccevviivirninieiieesceieeeeeee e A-31
Combat SAR Aviation DeDris.......cccoceriiviereriiiniireniectecieeeee e A-34
Combat SAR Maritime PIW .....cooiiiiiiiiiiteeetetee et A-34
Combat SAR Maritime Survival Craft........ccccoevinininiininiiiereseeeee A-35
Combat SAR Power Vessels (TBD) ...oovoiiiiiiiiiiiiiieeeeeteee e A-40
Combat SAR Maritime Debris.......ccoceeriiiiiniiriieieetertere et A-41
Law Enforcement Drift Objects ......ccuevuererieneniinieiecienceeetee e A-41
Maritime Safety Drift ObJectS......coiiviiririeieeieeeeeeeeeree e A-41
Military Drift ODJECES ....eeuiiiiiiieeieeeeeee ettt e A-42
Cross-Reference of Leeway Drift Objects.......cocevveeverciininiiniienieieeeeeeee Bl1-1
USCG-Approved Life Raft Service Centers ........cccceeeveevverieecireceeecreeeeeeeveeene C-6

XXVi



LIST OF ACRONYMS AND ABBREVIATIONS

AMM Automated Manual Method or also known as the Automated Manual
Solution

AP98 Allen and Plourde (1998) model of leeway drift area

CANSARP CANadian Search And Rescue Prediction program

CAPT Captain

CASP Computer Assisted Search Planning program

CFR Code of Federal Regulations

CG Coast Guard

cm Centimeters

cm/s Centimeters per second

C-MAN Coastal Marine Automated Network

COMDTINST U.S. Coast Guard, Commandant Instruction

CTTO Central Tactics and Trial Organization

cwL!! CrossWind component of Leeway

DCS Doppler Current Sensor

Displ. Displacement

DIW Dead-In-the-Water _

DWL DownWind component of Leeway

EMCM Electromagnetic Current Meter

F/V Fishing Vessel

FAU Florida Atlantic University

ft Feet

GDOC Geographic Display Operations Computer

GPS (NavStar) Global Positioning System

HazMat Hazard Materials

LD. Inside Diameter

ISARC Improvement in Search And Rescue Capabilities project

km Kilometers

kts Knots (international)

L Leeway speed

Lo Leeway Angle

LCDR Lieutenant Commander

LE Law Enforcement

LKP Last Known Position

LOST’98 Leeway OPS Search and recuse Test 1998

LT Lieutenant

m Meters

m/s Meters per second

max Maximum

min Minimum

MEP Marine Environmental Protection

min Minute
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LIST OF ACRONYMS AND ABBREVIATIONS (continued)

MRS (Motorola) Mini-Ranger microwave positioning System
MTS Microwave Tracking System

N/A Not Applicable

nm Nautical Mile

OPS Ocean Prediction System

PFD Personnel Floatation Device

PIW Person-In-the-Water

POC Probability of Containment

POD Probability of Detection

POS Probability of Success

PWC Personnel Water Craft

R&DC Research and Development Center
RWL Relative Wind Direction

s Seconds

SS Survival Suit

Std. Dev. Standard Deviation

SAR Search and Rescue

SLDMB Self-Locating Datum Marker Buoy
SOLAS Safety Of Life At Sea

Sq. Square

Sy Standard Error of the Estimate

8] Wind Speed

USCG United States Coast Guard
USCGC United States Coast Guard Cutter
USCGR United States Coast Guard, Retired
w With

w/o Without

Wiom Wind Speed vector adjusted to 10 meter height
[1] Vectors quantities are in bold type.
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CHAPTER 1

INTRODUCTION

1.1 MOTIVATION

This review of leeway was motivated by several questions about the status of leeway. Those
questions were:

1) Which leeway targets have been studied? (For what targets do we have data?)

2) What methods were used in each leeway field study? (How good is that data?)

3) What is the present level of understanding of leeway behavior?

4) How can we model the present level of understanding of leeway behavior?

5) What is present leeway guidance for search planning?

6) How does the present leeway guidance compare to the new models of leeway
behavior?

7) What classes of leeway targets should be included in our search planning tools?

8) Are there new broader categories of search objects within the leeway taxonomy for which
leeway equations can be generated from the available data?

9) What are the recommendations for leeway guidance for search planning tools?

10) What is the present level of modeling efforts?

Questions of this nature have been raised recently and repeatedly within the Coast Guard and search
planning communities. This report is an attempt to address the first nine questions. A companion
report by Anderson et al. (1998) addresses the tenth question.

1.2 SCOPE

Leeway has been studied since World War II when Pingree (1944) reported on the leeway of Navy
rafts. Since that time, twenty-five studies have reported on the leeway of common search and rescue
(SAR) targets. This review updates the sources of original leeway studies used in the present
versions of the United States and Canadian search planning tools. These tools include the National
SAR Manual; Geographic Display Operations Computer (GDOC) Automated Manual Method
(AMM); Computer Assisted Search Planning (CASP) program; and CANadian Search and Rescue
Prediction (CANSARP) program. A brief review of the definition of leeway is presented in sections
1.2 and 1.3. The experimental methods and the craft used in each study are presented in Chapter 2,
thus addressing questions (1) and (2) from section 1.1. Chapter 3 presents two well-documented
life rafts from an old and a recent leeway study and the lessons learned from the two data sets,
thereby addressing question (3). Chapter 4 is a review of the leeway drift portion of the CASP and
GDOC AMM search engines. A new generation search area propagation engine, which uses mean
and variance of the leeway components equation regressed against wind speed along with mean and
variance of wind and sea surface currents, is introduced. A modification to GDOC AMM is
proposed. A sensitivity analysis comparing these four models for generating leeway drift areas is
presented. This attempts to address question (4). The leeway coefficients and sources of each
leeway class for the National SAR Manual, CASP 1.1.X and 2.0, and CANSARP are presented in

1-1



Chapter 5 in answer to question (5). Chapter 5 also contains comparisons between the leeway
distribution areas of GDOC, CASP and the new model introduced in Chapter 4 which addresses
question (6). Chapter 6 includes the recommendation of establishing a taxonomy of leeway targets
(the answer to question (7)) to provide accurate target descriptions for both the search planner and
the researchers. Chapter 7 presents the results of analyses for leeway data sets combined using the
leeway taxonomy outlined in Chapter 6, thus providing the answer to question 8. Chapter 8
provides recommendations for leeway guidance in the National SAR Manual and GDOC AMM
(modified) and answers question 9.

Anderson et al. (1998) presents a companion review to this report on the status of modeling leeway
dynamics, which addresses question 10. They reviewed four reports and provided their own
presentation of leeway dynamics modeling. The four reports are Hodgins and Mak (1995),
Richardson (1997), Su (1986) and Su, Robe and Finlayson (1997). A fifth report on leeway
modeling efforts Central Tactics and Trial Organization (CTTO), (1974) was reviewed by Nash
and Willcox (1991), but the CTTO report was not located after an extensive library search.
Hoggins and Hoggins (1998) have recently released a report on modeling the leeway dynamics of a
20-person life raft and a 5.6-meter open boat.

1.3 LEEWAY IN SEARCH AND RESCUE

A key element of a successful search is the accurate prediction of the total displacement of a SAR
target from its estimated Last Known Position (LKP). For a search object located on the surface of
the water, the total displacement is the vector addition of the sea surface currents and leeway.

Leeway as defined by the National SAR Manual is "that movement of a craft through the water,
caused by the wind acting on the exposed surface of the craft." This definition of leeway is
physically correct, but it has two major operational shortcomings. The SAR planner does not have
access to estimates of the wind profile integrated over the height of leeway object nor estimates of a
vertical profile of the sea current. Objects on the surface of the ocean are at the interface of two
boundary layers where there is high vertical shear in the velocity profiles of wind and sea currents.
Fitzgerald et al. (1993) proposed a revised leeway definition:

"Leeway is the velocity vector of the SAR object relative to the downwind direction
at the search object as it moves relative to the surface current as measured between
0.3m and 1.0m depth caused by winds (adjusted to a reference height of 10m) and
waves."

This definition standardizes the reference levels for the measurement of the leeway of SAR objects.
Estimates of the velocity fields at both of these levels are readily available to the operational SAR
planner. Most "sea level" wind products are adjusted to the 10 meter height. The new Self-Locating
Datum Marker Buoys (SLDMBs) are designed with drag elements between 0.3 m and 1.0 m depth
— matching exactly the depth range of the new revised definition of leeway.

The revised definition of leeway is an operational definition and not a purely correct physical
definition. Therefore, there are certain limitations to this definition. At very low wind speed there



are limitations in the adjustment algorithms of the wind profile during very stable conditions. See
Smith (1988) for a discussion of the limitation for his algorithm. Deep draft leeway targets (such as
ships, swamped barges, capsized sailboats) greatly extended beyond the depth range of the surface
current as defined by the 0.3 to 1.0m layer. For these target types the effect of the deeper currents
may be significantly greater and different from the effect of the surface currents between 0.3 and
1.0m depth. With deep draft vessels at low wind speed, the vessel could be moving more in
response to the deeper current than to the upper currents. The vertical shear between the lower
current and upper current could produce an apparent leeway. SAR objects such as sea kayaks and
surf/sail boards, that have little freeboard and draft limited to less than 30 centimeters will have a
leeway due primarily to wind driven drift of the top 30 cm of the ocean and not necessarily due to
direct wind forcing.

1.4 DEFINITIONS OF PARAMETERS

Leeway Angle (Lo is defined as leeway drift direction minus the direction towards which the
wind is blowing with a deflection to the right of downwind being positive and to the left being
negative, as shown in Figures 1-1 and 1-2. This is the same convention as relative wind direction.
A leeway angle of 0 degrees indicates that the craft drifts directly downwind.

Leeway speed (|L|) is the magnitude of the leeway velocity, as shown in Figure 1-2. Leeway speed
is always positive. Leeway speed and angle are the polar coordinates for the leeway velocity vector.

Downwind and Crosswind components of Leeway are the components of the leeway velocity
vector expressed in rectangular coordinates relative to the wind velocity vector (i.e. Wygp), as
shown in Figure 1-2. The two components of leeway can be positive or negative. However, as a
practical matter, the downwind component of leeway is almost always positive. The crosswind
component is the divergence of the SAR craft from the downwind direction. Positive crosswind
components are divergence to the right of the wind and negative crosswind components are
divergence to the left of the wind. A clear advantage of using crosswind components of leeway
rather than leeway angle to express the divergence of SAR craft from the downwind direction
comes at low wind speeds. Since crosswind components of leeway are multiplied by wind speed,
the scatter in the crosswind component is reduced compared to the scatter of leeway angles at low
wind speeds. The net result is that statistical regressions of the components of leeway can be
directly implemented in numerical search planning tools.

Leeway rate is defined as the leeway speed (JL]) divided by the wind speed adjusted to the 10-
meter reference level (Wyy). Taking into account that the units of |L| are cm/s and the units of
Wiom are my/s, the result has units of percentage of the wind speed.

Relative Wind Direction is the direction from which the wind blows, measured in degrees about a
chosen axis and reference point of the test craft, as shown in Figure 1-1.
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Wind to Wind to

Leeway Drift A A Leeway Drift
Direction Direction

Lo = -25° Lo = +25°

RWD = -135° RWD = +135°
Wind Wind
Direction Direction
From From

Figure 1-1. Relationship between Relative Wind Direction (RWD) and Leeway Angle (Lav).
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North

\Si East

Wiom = Wind velocity vector adjusted to 10m height,
L = Leeway vector,
Lo = Leeway angle,

IL I = Leeway rate
[W 1om|
DWL = |L[sin(90"—La) = Downwind Leeway component,

CWL = ILI cos(90'—La) = Crosswind Leeway component.

Figure 1-2. Relationship between the Leeway Speed and Angle and the Downwind and
Crosswind Components of Leeway
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Historically, the objects of the search are referred to as leeway objects or leeway targets. The term
leeway target is usually used when referring to SAR survivors or survivor craft. The term leeway
object is usually used when referring to a broader range of drifting objects that include non-SAR
objects as well as SAR targets. The terms leeway class and leeway category refer to objects or
targets belonging to the same descriptive grouping. Leeway classes and leeway categories will be
used interchangeably in this report.

Both English and metric units have been used in leeway reports. Leeway speed has been reported in
units of knots (kts) and in centimeters per second (cm/s). The units for wind speed have been
either knots or meters per second (m/s). Degrees are used for angular measurements — leeway
angle, relative wind direction, and wind direction. Degrees Celsius are used for air and water
temperatures. Wave heights are expressed as significant wave height in units of meters.

Table 1-1 provides conversion factors for metric to and from English units.

Table 1-1
Conversion Factors for Units

To Convert from To Multiply by
meters feet 3.2808399
kilometers nautical miles 0.53995680
nautical miles kilometers 1.852
nautical miles meters 1852.
(nautical mile)? (kilometer)” 3.429904
(kilometer)2 (nautical mile)? 0.291553346
m/s knots 1.9438462
cm/s knots 0.0194385
knots m/s 0.514444
knots cm/s 51.4444




CHAPTER 2

REVIEW OF PREVIOUS LEEWAY FIELD EXPERIMENTS

1) Which leeway targets have been studied?
2) What methods were used in each leeway field study?

2.1 LEEWAY FIELD EXPERIMENTS: METHODS

There are two basic methods of measuring leeway: direct and indirect. The direct method uses a
current meter attached directly to the leeway drift target to measure relative motion of the target
through the water. The indirect method estimates leeway by subtracting a sea current vector from
the total displacement vector to estimate the leeway vector. Both methods have their relative
strengths and weaknesses.

2.1.1 Indirect Method

The leeway table in the National SAR Manual is based upon the leeway field studies previous to
joint US/Canadian field experiments that started in the early 1990’s. With the exception of two
studies, leeway studies prior to Fitzgerald et al. (1993) used the indirect method. Nash and Willcox
(1991) first summarized the indirect investigations used by the National SAR Manual. Table 2-1
summarizes the methods of measuring sea currents, winds, and positions of the leeway targets for
the sixteen studies that used the indirect method to investigate leeway.

The leeway studies that indirectly measured leeway had several shortcomings in the data collection
itself. The buoys or drifters used to measure ocean currents contained systematic slippage errors.
For the dye patch method, there was uncertainty in the depth of dye patch as measured by aerial
photography. Navigational errors in determining the location of drifters and leeway targets caused
errors of the leeway estimates. Drifters used to measure surface currents were not co-located with
the leeway target. Thus, the leeway vector contained a combination of errors of surface current
vector and the total displacement vector. Winds were determined by reading the ship anemometer
or by measurements made at the leeway target. Ships' winds tended to overestimate the wind speed
compared to the wind speed at the standard 10-meter reference level. Ships' anemometers which
contain flow distortion biases were often not adjusted downward to the 10-meter level. Wind data
from anemometers at 2-meter height aboard leeway targets required adjustment for motion of target
and then further adjustment to the 10-meter height using a boundary layer model for winds.

The error of the leeway estimates for a SAR object included all the errors in the associated sea
current measurements and wind measurements, plus the navigational errors used for determining
the velocity of SAR objects. The surface currents at the time and position of the SAR object were
interpolated or extrapolated from the sea current measurements. Maintaining an array of sea
surface current measuring instruments relative to drifting leeway target was a major logistical
problem. This led to short and discontinuous data sets, especially when the sea conditions got rough



which are exactly the conditions of most interest to the Coast Guard. Measurement of leeway angle
was particularly difficult with the indirect method as the navigational errors tended to generate
errors that masked the directional estimates of leeway. Spot measurements of winds that were not
co-located with the leeway target also contaminated the results and generated noisy estimates of

leeway directions.

Table 2-1

Leeway Studies Using the Indirect
Method of Measuring Sea Currents and Wind
To Determine Leeway

by ship, Expendable
surface current
probes

15 min readings

STUDY SEA CURRENTS WINDS NAVIGATION
Pingree (1944) upper 15 ft at 10 ft not reported
Chapline (1960) 15x300 ft drift Buoy Tender Radar & visual

net Bearing &
| ranges
Hiraiwa, Fujii, and Gill Net several miles ship’s anemograph | 1218¢ and
Saito (1967) long bearings
Hufford and Broida Dye Patch aerial Cup-anemometer at | Scaling of aerial
(1974) Photographed every | 2 m, reading at 5 photographs by
5 min. min intervals landmarks and
altitude
Morgan, Brown, and | 78 f dja. parachute | USCGC(s) Range (radar)
Murrell (1977); drogue, tracked by EVERGREEN Bearing (visual
ship, 20 min COURAGEOUS or radar)
Morgan (1978) sampling LAUREL
ROCKAWAY
Scobie and 15 ft buoy w/ 10x10 | USCGC Visual & radar
Thompson (1979) ft window shade EVERGREEN bearing and
drogue tracked by hourly readings ranges from ship
ship
Osmer, Edwards, and | g4y w/ window USCGC MRS for range
Breitler (1982) shade drogue tracked | EVERGREEN visual bearing

using ship's
pelorouses, ship
position
Loran-A or C
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Table 2-1 (Continued)

Leeway Studies Using the Indirect

Method of Measuring Sea Currents and Wind
To Determine Leeway

STUDY SEA CURRENTS WINDS NAVIGATION
Igeta, Suzuki, & 2 meter current 15 min. reading at 3 | DECCA
Sato (1982) measuring pipe m, adjusted by 1.22
to Wi
Suzuki, Sato, current measuring 15 min. reading at 3 | DECCA
Okuda, and Igeta pipe m, adjusted by 1.22
(1984) to Wiom
Suzuki, Sato & current measuring 15 min. reading at 3 | DECCA
Igeta, (1985) pipe m, adjusted by 1.22
0 Wiom
Nash and Willcox Surface Drifters R.M. Young Microwave
(1985) tracked by MTS anemometer 6 ft, 3 | Tracking
. at 2 min intervals sec averages every | System (MTS)
NaSh a.nd WlllCOX 30 or 40 Seconds
(1991)
Fitzgerald, Russell, | Loran-C Surface R.M Young Loran-C 5 min
and Bryant (1990) | Drifters 5 min anemometer intervals
intervals
1.6 m, 10 sec ave
every 2 min
Valle-Levinson and | Rhodaminedyeat | Apenometerat 1 m, | XY grid of 2.1m
Swanson (1991) 15 cm depth & drift | 1eading every 5 min. | O edge of
cards swimming pool
Su. Robe and Surface drifters of C-MAN station Triangulation
Finlayson (1997) FAU design anemometer 20 ft, | from shore using
hourly transits
Adjusted (z/10) to
1/7 power
Kang (1999) colored vinyl bag OHOTO Triangulation

Anemometer, 5-or
10 min. Adjusted
(z/10) to 1/7 power

from shore using
transits
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2.1.2 Direct Method

The direct method, as the name implies, measures leeway directly with instruments attached to the
leeway craft. Besides a current meter, instruments attached to the leeway craft include a wind
monitoring system aboard the SAR object as well as a positioning system and locating beacons.

The earliest direct method study of leeway was by Suzuki and Sato (1977). They used a 3.9 meter
bamboo pole which was allowed to drift from the ship until the pole came to the end of a string.
Measurements of the drift direction and time of pay-out of the pole were regressed against the ship's
wind speed. During the early 1990s, the availability of internal-recording, high-speed, non-
mechanical current meters made it possible to outfit a wide variety of leeway targets for
autonomous operations. The targets typically included attached current meters, on-board wind
monitoring systems, some type of positioning system, and radio beacons for relocation of the target.
Table 2-2 summarizes the methods used by the eight leeway studies which so far have used the
direct method of leeway measurement.

The first trials using autonomous outfitted leeway targets were conduced by Fitzgerald et al. (1993).
They conducted an experiment off Newfoundland during the summer of 1992 to compare the
indirect method with the direct method of determining leeway.

The direct method eliminates many of the errors associated with the indirect method by directly
measuring the leeway of the SAR object using an attached current meter. A wind monitoring
system was placed aboard the SAR object along with a positioning system and a locating beacon.
This method resulted in long, continuous records of leeway even in high wind conditions and when
the craft swamped or capsized. The errors of measuring, interpolating or extrapolating sea currents
to the location of a drifting leeway target were eliminated. Remaining errors were random
instrument errors and systematic errors associated with interactions between the measuring
instruments and the SAR object. With the direct method, the SAR object was modified by the
addition of a wind monitor and a tethered current meter. The wind monitor had a minimal effect on
the drift of medium size SAR targets. The SAR object possibly distorts or deflects the wind field
locally causing a systematic error in both speed and direction at the location of the anemometer.
The tethered current meter acted as a drogue and may have affected the crosswind component of
leeway by reducing jibing.

Six of the eight leeway studies using the direct method have used an S4 electromagnetic current
meter (EMCM) produced by InterOceans System, Inc. The procedure for using an S4 EMCM is as
follows: The S4 EMCM was suspended with an aluminum frame at 0.75 meters depth. The frame
was attached to a float sized to match the drift of the leeway craft. A 15-meter line attached the
frame with S4 EMCM to the pivot point of the leeway craft. S4 EMCMSs sampled at 2 Hz and were
vector averaged over 10-minute periods. An internal flux-gate compass converted the two
orthogonal components of velocity to magnetic north and east coordinates. The raw directions of
currents from the S4 EMCM were adjusted for the magnetic variation and then rotated 180 degrees.
The 180-degree rotation converts from the motion of water relative to the current meter reference
frame to the reference frame of the motion gf target craft relative to water. Two tilt sensors in the
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S4 EMCM were used to apply, at 2 Hz, the cosine correction for the tilt angle to the current speed.
Temperature at 0.75-meter depth was also sampled every 10 minutes. The S4 EMCMs were
calibrated yearly by InterOceans.

The newly produced Aanderaa current meter (DCS 3500) uses acoustic Doppler techniques to
remotely sense the currents at a distance of 0.5 to 2.0 meters from the sensor head. The sensor head
is a disc 11.3 cm across by 4.5 cm high and contains compass and tilt sensors. A cable between the
sensor and a separate data logger and battery unit delivers data and power. The Aanderaa DCS
3500 was calibrated in a series of tests including a comparison test with an S4 EMCM during a
leeway experiment with a 36 foot Senator (sport cruisers, motor yacht, modified-V hull, covered
aft deck, with bridge canopy). The results of the calibration are presented in O’Donnell and Oates
(1999).

During fall of 1997 off Fort Pierce, Florida, the Aanderaa DCS 3500 was used to obtain leeway
measurements on three variations of PIWs. A mannequin PIW was outfitted with the data logger in
the chest cavity and the sensor head located below the PIW at 70-centimeter depth. The PIW with a
type I PFD or type II PFD or a survival suit was deployed within the immediate region of a
MiniMet buoy which provided the on-scene wind and weather conditions.

The Coast Guard R&D Center recently purchased a new acoustic current meter produced by Sontek
Corporation. The Sontek Argonaut XR current meter measures two-horizontal components of
current and the vertical component in a bin that is vertically separated from the current meter head.
For the Argonaut XR current meter with a sampling frequency of 1.5Mhz the sampling bin is
located between 0.5 and 15 meters from the sensor head with a minimum size of 1.0 meters. During
leeway field tests conducted off the Delaware coast during January 1998, the Argonaut XR 1.5
MHz current meter was used in a windsurfer board with the bin's depth range set 0.5 to 1.5 meters.
Another Argonaut XR with a sampling frequency of 3 MHz current will shorten the bin range to
0.25 meters to 7.5 meters with a minimum size of 0.5 meters. This will allow sampling the depth
range from 0.25 to 0.75 meters.

Wind measurements were made using the R. M. Young propeller/vane Model 05103
anemometer for eight leeway studies. The anemometers were sampled at | Hz and vector averaged
over 10-minute periods. The winds were first adjusted for the motion of the craft using the Argos,
Loran-C or GPS positions to determine speed over the ground. Then the winds were adjusted to the
10-meter height based upon the stability of the air and wind speed using Smith (1981) and (1988).
The compasses and vanes for each wind monitoring system were calibrated before each leeway
study. Where possible, the winds from the leeway targets were checked against the winds from a
MiniMet buoy moored in the center of the study area, since the MiniMet had nil wind flow
distortion associated with it.
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Table 2-2

Leeway Studies Using the Direct
Method of Measuring Leeway

Study Measurement of Measurement of Navigation of
Leeway Winds targets

Suzuki and Sato 3.9 m bamboo pole Ship’s winds None required

(1977) tethered to ship

Fitzgerald, S4 EMCMs at 0.7m | RM. Young Argos positions

Finlayson, Cross, depth, 10 min. anemometer 2m or 3m,

and Allen (1993) averages 10 minute averages,

adjusted to 10m using
Smith (1988)

Fitzgerald, S4 EMCMs at 0.7m | RM. Young GPS positions every

Finlayson, and Allen | depth, 10 min. anemometer 2m or 3m, | 5 min. stored on

(1994) averages 10 minute averages, data logger

adjusted to 10m using
Smith (1988)

Kang (1995) Marsh-McBirney Japanese anemometer at | Loran-C and GPS
EMCM at I mdepth | 5m, adjusted to 10m

using 1/7 power law

Fitzgerald (1995) S4EMCMs at 0.7m | RM. Young GPS positions every
depth, 10 min. anemometer 2m, 10 5 min. stored on
averages minute averages, data logger

adjusted to 10m using
Smith (1988)

Allen (1996) S4EMCMs at 0.7m | RM. Young GPS positions every
depth, 10 min. anemometer 2mor 6.5m, | 5 min. stored on
averages 10 minute averages, data logger

adjusted to 10m using
Smith (1988)

Allen and Fitzgerald | S4EMCMs at 0.7 m | R.M. Young GPS positions

(1997) depth, 10 min. anemometer 2m, 10 stored every 5 min
averages minute averages, and Argos

adjusted to 10m using positions.
Smith (1988)

Allen, Robe and S4 EMCM, Aanderaa | R.M Young anemometer, | GPS positions

Morton (1999) DCS, and Sontek 10 min ave. adjusted to stored every 10
Argonaut XR at 0.7m, | 10m using Smith (1988). | minutes

10 min. averages
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2.2  LEEWAY FIELD EXPERIMENTS: OBJECTS

Ninety-five leeway target types have been studied during twenty-five field studies. Forty life rafts,
fourteen small craft (mostly outboards) and ten fishing vessels have been studied. Other leeway
target types studied include PIWs, surfboards, sailboats, life capsules, Cuban refugee rafts, fishing
vessel boating debris, and medical / sewage waste. Table 2-3 lists target craft or objects and their
descriptions as provided by these twenty-five field studies.

Column one (Target Description) of Table 2-3 contains exact descriptions of leeway target types as
presented in the reports. Some reports provided illustrations of the leeway targets. Those
illustrations are reproduced here as Figures 2-1 through 2-34 and are referenced in column one of
Table 2-3. Pingree (1944); Chapline (1960); Hufford and Broida (1974); and Suzuki, Sato, and
Igeta (1985) do not provide full descriptions of the leeway objects that they used in their studies.
The Japanese leeway studies of vessels [Hiraiwa, Fujii, and Saito (1967), Suzuki and Sato (1977),
and Igeta, Suzuki, and Sato (1982)] include tables for each vessel’s gross tonnage, length, beam,
freeboard, draft, and ratio of longitudinal projected area above and below the water line. Morgan et
al. (1977) included line illustrations of 4 of their 5 craft. The 20-person life raft was not illustrated
nor were any results reported. Scobie and Thompson (1979) provided brief descriptions of the
three rafts from which they obtained leeway data. Osmer et al. (1982) and Suzuki, Sato, Okuda and
Igeta (1984) provided a reproduction of photos of some craft and a table with the length, height, and
width measurements. Nash and Willcox (1991); Fitzgerald et al. (1990), (1993) and (1994);
Fitzgerald (1995); Kang (1995); Allen (1996) and Allen and Fitzgerald (1997) provide line
illustrations with dimensions for all leeway craft. Blanks in Table 3 indicate that the relevant report
did not indicate the loading of the craft or whether the craft was drogued or un-drogued.

Chapline (1960) summarized his results of five groups into a single table that has become the
standard leeway values for craft other than life rafts. In Chapline’s Alumni Association Bulletin
article, the word “Surfboards” appears only once and is part of Group I in his table. Group II is
“heavy displacement, deep draft sailing vessels.” Chapline’s (1960) Group III is described as
“Moderate displacement, moderate draft sailing vessels and fishing vessels such as trawlers,
trollers, sampans, draggers, seiners, tuna boats, halibut boats, etc.” However, it is unclear whether
Chapline had any data on fishing vessels other than the fishing sampans common to the 14™ District
(Hawaii). Group IV is “moderate displacement cruisers” and Group V is “light displacement
cruisers, outboards, planing hull types, skiffs, etc.” In Chapline's discussion of leeway rate and
angle he described some of his vessels as the “Very light, high-speed types, so popular among the
yachting fraternity, such as Cris Craft, Owens, Trojan, etc.” Since Chapline did not provide a
complete description of the vessels used in his field work and both he and his co-worker, LCDR
James McGary, USCGR (‘43) are deceased it is unlikely that a complete description of the actual
vessels used in “Operation Spindrift” can be obtained.



Table 2-3.

Objects that have been field tested for leeway values.

TARGET DESCRIPTION LOADING DROGUE STUDY
WITH | WITHOUT

Mark I life raft 1 person Yes Yes

Mark 11 life raft 2 person Yes Yes Pingree

Mark IV life raft 3 person Yes Yes (1944)

Mark VII life raft 5 person Yes Yes

Army E [ life raft 5 person Yes Yes

Army A3 life raft 3 person No Yes

Surfboards

Heavy Displ. deep draft sailing vessels

Moderate Displ. moderate draft sailing Chapline

vessels and fishing vessels (trawlers, (1960)

trollers, sampans, draggers seiners, tuna

boats, halibut boats)

Moderate Displ. cruisers

Light Displ. cruisers, outboards, paning

[planing] hull types skiffs

60.5 m Fishery Training Vessel Hiraiwa,
Fujii,

33.0 m Fishery Training Vessel & Saito
(1967)

21 ft MARINER Yes Yes Hufford

15.2 ft GLASTRON Yes Yes and

15 ft BARGE Yes Yes Broida

12 ft SILVER SKIF Yes Yes (1974)

12 ft Rubber raft Yes Yes

61.8 m fishing vessel, (1104 gross tons) Yes Suzuki
and

45.0 m research vessel, (702 gross tons) Yes Sato
(1977)

Mark 7 7-person life raft, w/o canopies or | nil Yes No Morgan

ballast system [Fig. 2-1] (1978) |

20-person life raft Yes No Morgan,

16 ft Outboard motor boat [Fig. 2-2] | nil No Yes Brown,
and

18 ft Outboard motor boat [Fig. 2-3] | nil No Yes Murrell
(1977)

30 ft Utility boat [Fig. 2-4] nil No Yes




Table 2-3 (Continued)
Objects that have been field tested for leeway values.

TARGET DESCRIPTION LOADING | DROGUE STUDY
WITH | W/O
Switlik Oblong 6-person life raft 3 person Yes | Scobie and
Given 25-person life raft 12 person Yes | Thompson
Goodrich circular 20-person life raft 10 person Yes | (1979)
Avon circular 6-person Canopy life raft Yes Yes | Osmer,
Switlik Oblong 6-person Canopy life raft Yes Yes | Edwards,
Switlik Circular 4-person Canopy life raft Yes Yes | & Breitler
USCG Mark 7, 7-person Yes Yes | (1982)
Non- Canopy life raft
16.7 m fishing vessel — longliner Empty, half Yes
17.5 m fishing vessel — longliner and full Yes
PFD Igeta,
Life Ring (42.5 cm 1.D, 76 cm O.D) Suzuki,
Glass fishing float balls (30.25cm dia.) and
Fish box lid (121 x 61 x 10cm) Sata
Wooden board (152 x 9.5 x 2.3cm) (1982)
Small outboard boat w/o any superstructures
(247 x 110 x 43 cm)
PIW (65 kg) .
Japanese 8-person life raft, MTB-8 [Fig. 2-5] | Empty, Yes No Suzuki,
Japanese 13-person life raft, TRB-13B half, and Yes No Sato,
Japanese 25-person life raft, MTB-25 full Yes No | Okuda, &
PIW, (vertical with PFD) Igeta
(1984)

Japanese life raft (MTB-8 ) w & w/o canopy | Empty, half | Yes No | Suzuki,
Japanese life raft (TRB-13B) w & w/o canopy | Empty, half | Yes No | Sato
Japanese 25-person life raft "F" Empty, half | Yes No |and
Japanese 25-person life raft "S" Empty, half | Yes No | Igeta
PIW, (vertical, sitting, horizontal positions) (1985)
RFD 6-person MK3A life raft [Fig. 2-6] | 80-1001b. | No Yes | Nash and
Switlik 4-person life raft [Fig. 2-7] | 80-100Ib. | No Yes | Willcox
Givens Buoy 6-person life raft [Fig. 2-8] | 80-1001b. | No Yes | (1985)
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Table 2-3 (Continued)
Objects that have been field tested for leeway values.

TARGET DESCRIPTION LOADING | DROGUE |STUDY
‘ WITH | W/O
Switlik 4-person life raft 720 1b. Yes Yes
Givens Buoy 6-person life raft 1040 1b. Yes Yes
Avon 4-person life raft [Fig. 2-9] | 720 Ib. No Yes | Nash and
Winslow 4-person life raft [Fig. 2-10] | 720 Ib. No Yes | Willcox
14 ft Outboard (Boston Whaler-type) 100 Ib. No Yes | (1991)
19 ft Outboard (Center-console sport 200-3001b. | No Yes
fisherman w/ outboard)
20 ft Cabin Cruiser [Fig. 2-11] | 80 1b. No Yes
Medical & sewage waste: N/A No No | Valle-
(vials, syringes tampon applicators, L.V. Levisnson
bags, surgical masks, gloves, glass bottles) & Swanson
(1991)
Beaufort 5-sided 4-person life raft 2 and 4| Yes Yes | Fitzgerald
person et al.
(1990)
Beaufort 5-sided 4-person life raft [Fig. 2-12] | 1 person No Yes
Beaufort 5-sided 4-person life raft 4 person Yes Yes
Beaufort 6-sided 4-person life raft [Fig. 2-13] | 1 person No Yes
Beaufort circular 20-person life raft 4 person No Yes
[Fig. 2-14] Fitzgerald
Beaufort circular 20-person life raft 20 person Yes No et al.
5.6 m Open plank boat [Fig. 2-15] | 2-3 person | No Yes (1993)
SOLAS approved 22-person life Capsule 12 person No Yes | and (1994)
[Fig. 2-16]
L1011 aircraft evacuation slide/ 20 person No Yes
46-person raft [Fig. 2-17] ;
USCG Sea Rescue Kit [Fig. 2-18] | 0 person Yes No
Tulmar 4-person life raft [Fig. 2-19] | 4 person Yes Yes
Tulmar 4-person life raft | 1 person Yes Yes
Switlik 6-person Life Raft w/4 small ballast | 1 person Yes Yes | Fitzgerald
bags [Fig. 2-20] (1995)
12.5 m Korean Fishing Vessel ~ [Fig. 2-21] | 3-5 person | No Yes Kang
(1995)
Cuban Refugee raft w/sail [Fig. 2-22] | 1 person No Yes
Cuban Refugee raft w/o sail [Fig. 2-23] | 1 person No Yes Allen
15 m Fishing Vessel w/ rear-reel for net 4 person No Yes (1996)
fishing [Fig. 2-24]
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TARGET DESCRIPTION LOADING | DROGUE STUDY
WITH | W/O
5.5 m Wooden-planked Open Boat: 2-3 person No Yes
(Upright and Empty) and (Swamped)
Switlik 6-person Life Raft w/Full Toroidal 1 person Yes No | Allen and
Ballast bag: (Upright and Empty) [Fig. 2-25] Fitzgerald
and (Swamped) (1997)
Switlik 6-person Life Raft w/4 small ballast | 1 person Yes No
bags: (Upright and Empty) and (Capsized)
Beaufort 5-sided 4-person life raft: 4 person Yes No
(Upright and Empty) and (Capsized)
PIW N/A No Yes | Su, Robe,
Finlayson
PIW in survivor suit N/A No Yes | (1997)
PIW, Type I PFD [Fig. 2-26] N/A No Yes
PIW, Survival Suit [Fig. 2-27] N/A No Yes Allen,
Sea Kayak [Fig. 2-28] 0&1- No Yes Morton
person and
Wind-surfer board [Fig. 2-29] 1-person Yes | Yes Robe
Wharf box, (cubic meter bait box) 1&4 No Yes (1999)
[Fig. 2-30] person
PIW — wetsuit, floating vertically N/A No Yes Kang
PIW — Scuba gear, floating horizontally N/A No Yes (1999)
36 ft Senator (Sport Cruisers, Motor Yacht, 3 person No Yes
Modified-V Hull, Covered aft deck, w/ No
Bridge Canopy) [Fig. 2-31] results
PIW, Type Il PFD [Fig. 2-32] N/A No Yes | available
13.8 m Fishing Vessel w/ rear-reel for net | 4 person No Yes | (see note |
fishing [Fig. 2-33] below)
65 ft Sailboat (Mono-hull, full keel, deep- 5-6 person No Yes
draft, w/masts) [Fig. 2-34]

Note 1 for Table 2-3.

Leeway data has been collected on these four targets, but results are not available at this time. ODonnell,
Oates and Reas (1999) used the 36-foot Senator as a test platform for an inter-comparison test of S4 EMCM
and Aanderaa DCS 3500 acoustic current meter. Further analysis of the leeway data set revealed that there
was insufficient data to present even preliminary results for this target, (Herring, personal communication).
Allen et al. (1999) investigated the leeway data collected on the PIW with a Type Il PFD during the Fort
Pierce 1997 leeway field test and determined that it too contained insufficient data for the presentation of
preliminary results. Both the 13.8-m fishing vessel and the 65-foot sailboat data sets are awaiting analysis.
As time permits, analysis of these two data sets will be conducted. The 13.8-meter fishing vessel is similar
in design to the 15-m fishing vessel studied by Allen (1996). The 65-foot sailboat’s leeway data set will be
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studied in conjunction with data set yet to be collected on 30-foot sailboat that has be outfitted for heavy
weather leeway studies.

Designs of leeway craft, especially life rafts, have significantly changed since the earliest studies.
Over the past fifty years, the design of life rafts has evolved from a single rubber tube with a floor
to fully canopied life rafts with multiple air cambers and large ballast bags. Not only have the
leeway objects themselves evolved, but also the descriptions of the study targets have improved
along with improvements in the methods used to collect leeway data. Therefore, care must be
exercised when applying leeway values from early studies to modern SAR cases, since there have
been considerable design changes that will dramatically affect the leeway of the SAR target in
question.

Figures 2-1 through 2-34 are reproductions of the available figures of leeway objects that have
been field-tested.
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Figure 2-31. 36-foot Senator (Sport
Cruisers, Motor Yacht,
Modified-V hull, Covered aft Figure 2-33. 13.8 m Fishing vessel with
deck with bridge canopy) rear-reel for net fishing

Figure 2-32. PIW, with Type II PFD
Figure 2-34. 65-foot Sailboat (Mono-hull,

full keel, deep draft, with
masts)
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CHAPTER 3

COMPARISON OF THE LEEWAY OF TWO LIFE RAFTS

3) What is the present level of understanding of leeway behavior?

3.1 INTRODUCTION

A review of the leeway behavior a single target type is presented here to illustrate the present
level of understanding of leeway behavior. The data set collected by the direct method on a
Tulmar 4-person life raft with 1-person loading without a drogue is presented in this section. A
comparison between the Tulmar data set and a data set collected by Hufford and Broida (1974)
using the indirect method on a 12-foot rubber raft is also presented to show the advancements
that have been achieved by using the direct method compared to the indirect method.

A new model of leeway that generates a leeway distribution area is also introduced in this
chapter. This model incorporates the level of understanding presently available in the analysis of
data sets such as those for a Tulmar life raft as illustrated in this chapter. This model is used in
Chapter 4 in a comparison with the presently implemented models of leeway distribution areas.

32 THE LEEWAY OF A 12-FT RUBBER RAFT AND A TULMAR 4-PERSON LIFE
RAFT

Hufford and Broida (1974) using the indirect method studied the leeway of a 12-foot rubber raft.
The 12-ft. raft had 13.9 inches of freeboard, and 0.1 inches of draft and a weight of 50 pounds
and was similar to the life raft illustrated in Figure 2-1. This 12-ft raft was studied with and
without a sea anchor. Hufford and Broida provide a listing of data, which included both wind
speed and direction and leeway speed and direction. Therefore the leeway data set from the 12-
ft.raft without a sea anchor is used here as an example of an early leeway data set collected by the
indirect method. The maximum wind speed for their data set was 8.2 m/s. This is an important
and relevant data set since the results of Hufford and Broida (1974) provides much of the present
guidance used by search planning tools.

Fitzgerald et al. (1993) using the direct method studied a Tulmar 4-person life raft (with 1-person
loading, without a drogue) as shown in Figure 2-19. During the 1992 US/Canadian Field
Experiment the Tulmar life raft was deployed on nine drift runs for a total of 1,166 10-minute
averages or about 8 days of data. The wind speed ranged from 1 to 16 m/s for this data set. This
data set represents one of the more complete sets collected by using the direct method on a
specific configuration of a life raft.

The leeway speed and angle from these two data sets are compared in the section 3.2.1. In the
section 3.2.2, a comparison of the downwind and crosswind components of leeway is presented.
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3.2.1 Leeway Speed and Angle

The unconstrained linear regression of the leeway speed versus wind speed for the two data sets
(12-foot raft, Tulmar life raft) are shown in Figure 3-1. There are two major points illustrated in
this figure. (1) The two rafts had different mean regression slopes. The 12-foot rubber raft with
neither ballast system nor canopy drifted at about 5.7 percent of the wind speed. The Tulmar life
raft, which had a deep ballast system and a canopy, drifted slower at about 3.3 percent of the 10-
meter wind. Since the two rafts were actually quite different in design it is not unexpected that
the mean leeway rates would also be different. (2) Clearly the new data collected by the direct
method provided higher quality data over much greater range of conditions with a smaller
variance about the mean regression than the older data set collected by the indirect method.

The coefficients of the unconstrained linear regressions for the two data sets are presented in
Table 3-1 and the coefficients for the 95% prediction limits equations are presented in Table 3-2.
The standard error of the regression for the Tulmar life raft was 18% that of the standard error of
the 12-foot raft.

Table 3-1

Unconstrained Linear Regression of Leeway Speed (cm/s)
of
Hufford and Broida (1974) 12-foot Rubber Raft without sea anchor
on Wind Speed (m/s)
and of
Tulmar 4-person Life Raft (1-person loading, no drogue)
on 10-meter Wind Speed (m/s)

Leeway speed Leeway # Slope y- r Syix Wind
samples (% intercept Speed
(cm/s) Study wind) (cm/s) (m/s)
Hufford & 1.1
12-ft rubber Broida 21 5.74 10.87 0.59 | 10.37 to
raft (1974) 8.2
0.8
Tulmar life raft | This report | 1166 3.34 1.44 098 | 1.90 to
16.7




Leeway Speed (cm/s)
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Hufford and Brodia (1974) 12 ft Rubber Raft with sea anchor
This report, Tulmar 4-person life raft, 1-person loading, no drogue
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Figure 3-1. The Unconstrained Linear Regression and 95% Prediction Limits of Leeway
Speed for Hufford and Broida's (1974) 12-foot Rubber Raft without sea
anchor versus Wind Speed (unadjusted) and a Tulmar 4-person Life Raft (1-
person loading, no drogue) versus Wygm
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Table 3-2

The Coefficients of the Polynomials Describing
95% Prediction Limits of the
Unconstrained Linear Regression of Leeway Speed (cm/s)
(95% prediction limits = ¢,(W,5)* + ¢,(Wyom) + C5)
of
Hufford and Broida (1974) 12-foot Rubber Raft without sea
on Wind Speed (m/s)
and of
Tulmar 4-person Life Raft (1-person loading, no drogue)
on 10-meter Wind Speed (m/s)

Leeway Upper limits Lower Limits
Speed Wi | ©2(Wigw) C3 ¢{(Wiow)’ | ©2(Wiow) C3
12-ft rubberraft | 0.1122 4.67 35.7 -0.1122 6.80 -14.0
Tulmar life raft 0.0001 3.34 5.19 -0.0001 3.34 -2.30

Recent high-quality leeway data sets have revealed some of the more subtle leeway behaviors.
Leeway speeds during rising winds are higher than the leeway speeds occuring during decreasing
winds. An example of this behavior is illustrated in Figure 3-2. In the top panel of Figure 3-2, the
10-m wind speeds from a portion of the drift run are shown to first increase from 8 m/s to a peak
of 16 m/s in 6 hours and then over the next 7 hours decrease to 10m/s. When the leeway speed
of the Tulmar life raft is plotted versus wind-speed (Figure 3-2, (B)) separated into two sections
(rising and falling wind), the leeway speed during the rising wind is clearly higher than the
leeway during the falling wind. This behavior may be associated with the more effective transfer
of energy from the atmosphere to the oceans during rising wind conditions than during
decreasing wind conditions. When waves are growing, the atmosphere is transferring energy into
the sea surface; when waves are decreasing, the waves are transferring energy back to the
atmosphere.
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Tulmar 4-person life raft, 1-person loading, no drogue
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Figure 3-2. (A) The 10-m Wind Speed from 18:00 (UTC) on Yearday 338 to 07:00 on
Yearday 339, 1992, at the Tulmar Life Raft. (B) Leeway Speed versus 10-m
Wind Speed during the above period Separated by Rising and Falling Winds.
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The divergence of a drift object from the downwind direction can be illustrated by
progressive vector diagram of the displacement vectors rotated relative to the downwind
direction. The mean angles off the downwind direction are readily apparent in a plot of
the progressive vector diagrams. To make a progressive vector diagram the duration of
each leeway speed and direction data pair must be known. Unfortunately, Hufford and
Broida did not provide information on the duration of their samples. Thus we can only
present progressive vector diagrams for each of the nine Tulmar life raft drift runs.

Figure 3-3 illustrates the cumulative spread or divergence of the leeway vectors for the
Tulmar life raft about the downwind direction. The nine drift runs had vectors that were
between —25 and +15 degrees of the downwind direction. By way of comparison, the
present guidance for life raft divergence of plus and minus 35 degrees about the
downwind direction is also plotted on Figure 3-3. Summary of drift runs and the total
length for nine leeway displacement vectors are presented in Table 3-3. The lengths of
displacement vectors were measured from start to end in a straight line (end point) and
along the curved length of the vector (cumulative).

Table 3-3
Summary of Leeway Drift Runs
Tulmar 4-person Life Raft (1-person loading, no drogue)

Leeway # Duration Leeway Displacement Wiom
(km)
Run samples (hours) | End Point | Cumulative (m/s)
2 15 2.5 3.1 3.1 8.8-11.6
3 16 2.7 22 22 51-63
4 42 7.0 6.8 6.8 6.5-10.5
16 163 272 29.5 29.6 6.0-11.7
17 115 19.2 20.9 21.0 23-<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>